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ABSTRACT Our previous genetic studies demonstrated
that resistance to avian coccidiosis is linked with micro-
satellite markers LEIO071 and LEIO101 on chromosome
1. In this study, the associations between parameters
of resistance to coccidiosis and single nucleotide poly-
morphisms (SNP) in 3 candidate genes located between
LEIO071 and LEI0101 [zyzin, CD4, and tumor necrosis
factor receptor super family 1A (TNFRSF1A)] were de-
termined. The SNP were genotyped in 24 F; generation
and 290 F, generation animals. No SNP were identified
in the TNFRSF1A gene, whereas 10 were located in
the zyzin gene and 4 in the CD4 gene. At various times
following experimental infection of the F, generation
with Fimeria mazima, BW, fecal oocyst shedding, and
plasma levels of carotenoid, nitrite plus nitrate (NO,~
+ NO;), and interferon-y (IFN-~) were measured as
parameters of resistance. Single marker and haplotype-
based tests were applied to determine the associations

between the 14 SNP and the parameters of coccidiosis
resistance. None of the CDJ/ SNP were correlated with
disease resistance. However, by single marker associa-
tion, several of the zyzin SNP were significantly as-
sociated with carotenoid or NO,” + NO;~ concentra-
tions. These were the SNP at nucleotide 149 associated
with carotenoid at d 3 postinfection (PI), nucleotide
187 with carotenoid at d 6 and 9 PI, and nucleotide
159 with carotenoid between d 3 and 9 PI. In addition,
the zyzin SNP at nucleotide 191 was significantly as-
sociated with increased levels of NO,” + NO;™ at d 3
PI. By haplotype association, the zyzin SNP also were
found to be highly associated with NO,~ + NO;™ at d
3 PI and increased IFN-~ at d 6 PI. These results sug-
gest that zyzrin is a candidate gene potentially associ-
ated with increased resistance to experimental avian
coccidiosis.
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INTRODUCTION

Avian coccidiosis is caused by ubiquitous intestinal
protozoan belonging to the genera Fimeria that signifi-
cantly impairs the growth and feed efficiency of infect-
ed chickens (Lillehoj et al., 2007). Conventional disease
control methods are chemoprophylaxis with coccidio-
static drugs or vaccination with live and attenuated
parasites (Dalloul and Lillehoj, 2006). Both strategies,
however, suffer from serious drawbacks, and there is
an increasing need to develop alternative approaches.
Genetic selection of disease-resistant chickens by novel
molecular genetic and functional genomics tools pro-
vides the potential to address this need, particularly
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when used in combination with the other established
methods. With the advent of QTL mapping techniques,
chicken DNA markers that are associated with growth
performance and disease resistance can now be identi-
fied in particular genotypes and this information sub-
sequently used for marker-assisted selection of breeding
stocks. Single nucleotide polymorphisms, which are the
most common form of DNA variation in the genome,
are single base changes between individuals that can
occur within or between genes. Human SNP have been
reported to occur with an average frequency of about
1 in 500 to 1,000 nucleotides, and in some regions, the
estimate was 1/300 (Wang et al., 1998; Dawson, 1999).
The frequency of SNP in the chicken genome may be
greater relative to that in the human, with a rate of 1 in
100 to 200 nucleotides (Smith et al., 2001, 2002; Vignal
et al., 2002).

Identification of SNP provides a resource for building
high-density genetic maps using potentially informa-
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Table 1. Primer sequences and PCR products used for SNP identification of the zyzin, CD/, and TNFRSF1A genes

Primer sequence PCR Annealing GenBank
product temperature  accession
Gene Forward Reverse (bp) (°C) number
zyxin 5-ACCCCAGGGACCCGTATGAC-3' 5-GGGTCCTTGCGCTGCTGTG-3' 608 58 NM_001004386
CDy4 5-GGCTTCCAGGTATCATCTCT-3' 5-ATTCTAGCTCCAGCGCATAAAAG-3' 410 50 AJ401223
TNFRSF1A  5-CAGAGATTCAGAAGGGGTTGC-3" 5-TAATTGCTTTTTGCTACTTCTGCT-3' 561 55 NM_001030779

tive genetic markers for a variety of applications. One
such application has been the identification of genes
associated with resistance/susceptibility to particular
diseases (Brookes, 1999). In the case of poultry, QTL
experiments were initially undertaken to identify genes
associated with economically important traits such as
growth rate, carcass characteristics, feed efficiency, egg
production, and disease resistance (Liu et al., 2001; Lei
et al., 2005; Qiu et al., 2006). Later, SNP in chicken
genes encoding the vitamin D receptor, osteopontin,
growth hormone, insulin, IGF-1, IGFBP-2, PGC-1a,
GGA1, and AGC1 were found to be associated with
body growth, egg production, and carcass traits (Kuhn-
lein et al., 1997; Lei et al., 2005; Bennett et al., 2006;
Qiu et al., 2006; Wu et al., 2006; Rao et al., 2007) as
well as the metabolic disease tibial dyschondroplasia
(Ray et al., 2006). For infectious diseases, numerous
genes that control the response of chickens to Salmo-
nella have been identified by SNP analysis, primarily
through the pioneering studies of Sue Lamont and col-
leagues (Lamont et al., 2002; Liu et al., 2002; Kramer
et al., 2003; Liu et al., 2003; Liu and Lamont, 2003;
Malek et al., 2004; Hasenstein et al., 2006) as well as
others (Hu et al., 1997; Mariani et al., 2001; Beaumont
et al., 2003). Thus, there is ample evidence in the litera-
ture that SNP may be useful for identification of genes
linked to resistance against poultry diseases.

In previous studies, we mapped QTL that were as-
sociated with resistance to avian coccidiosis near mic-

rosatellite marker LEI0101 on chromosome 1 (Zhu et
al., 2003). Further analysis identified a second marker,
LEIO071, which was closely linked to LEIO101 and more
highly associated with disease resistance (Kim et al.,
2006). The current study was undertaken to identify
SNP in candidate genes between LEIO071 and LEIO101
that may play a role in the host response to coccidia
infection and, if present, to determine whether or not
these polymorphisms were associated with resistance to
experimental Eimeria mazima infection. Three selected
genes, zyxrin, CD/, and tumor necrosis factor receptor
super family 1A (TNFRSF1A), were chosen based
upon their genomic location, immunological function,
and previous results suggesting involvement in protec-
tive immunity to coccidiosis.

MATERIALS AND METHODS

Experimental Population

Two commercial broiler lines displaying different
susceptibility to E. maxima were selected as resource
populations to map QTL associated with resistance to
coccidiosis as described previously (Zhu et al., 2003;
Kim et al., 2006). Thirty male and 100 female chickens
were crossed to produce F; chickens and 12 pairs of
F, individuals were used to produce 290 F, offspring
from 4 hatches. Animals were orally infected with 1.0
x 10" sporulated E. mazima oocysts at 4 wk of age as

Table 2. Single nucleotide polymorphisms identified in the zyzin and CD/ genes

Genotype frequency’

Gene SNP Allele 1 Allele 2 1/1 1/2 2/2 MAF?
Zyzin
62 A C 0.16 0.84 0.00 0.08 (A)
82 C T 0.92 0.08 0.00 0.04 (T)
149 A T 0.02 0.26 0.72 0.14 (A)
159 A G 0.31 0.53 0.16 0.43 (G)
172 ¢ T 0.62 0.38 0.00 0.19 (T)
187 ¢ T 0.73 0.24 0.03 0.15 (T)
191 A ¢ 0.00 0.17 0.83 0.08 (A)
378 A ¢ 0.00 0.38 0.62 0.19 (A)
Intron 1 A ¢ 0.22 0.41 0.37 0.43 (A)
Intron 2 A T 0.23 0.41 0.36 0.43 (A)
CcDy
11591 C T 0.15 0.48 0.37 0.39 (C)
11697 ¢ T 0.64 0.34 0.02 0.19 (T)
11719 A G 0.64 0.34 0.02 0.19 (G)
11790 A T 0.16 0.48 0.37 0.40 (A)

11 = allele 1; 2 = allele 2.
*MAF = minor allele frequency.



RESISTANCE TO AVIAN COCCIDIOSIS 513

described (Zhu et al., 2003). Body weights, fecal oocyst
shedding, and plasma concentrations of carotenoid,
NO,  + NO; 7, and interferon-y (IFN-~) were mea-
sured on d 0, 3, 6, and 9 postinfection (PI) as described
previously (Zhu et al., 2003). One fecal sample per bird
was collected during the time period from d 5 to 9 PI.

Genomic DNA Isolation, PCR Amplification
and Sequencing, and Genomic Sequencing

Genomic DNA was prepared from erythrocytes using
the GenElute Blood Genomic DNA kit according to the
manufacturer’s protocol (Sigma, St. Louis, MO). The
PCR primer sequences specific for the zyxin, CD4, and
TNFRSF1A genes are shown in Table 1. The PCR were
performed using ABgene Thermo-Start PCR Master
mix (Thermo Fisher Scientific, Rockford, IL). Twenty-
five microliters of the PCR reaction contained 50 ng
of chicken genomic DNA, 10 pmol of each primer, 0.2
mM of each dNTP, 0.625 U of DNA polymerase, 1x
reaction buffer, and 1.5 mM MgCl,. The PCR products
were precipitated in ethanol, dissolved in H,O, and se-
quenced using internal primers with an ABI 3730 DNA
analyzer (Applied Biosystem, Foster City, CA). The
SNP genotyping was performed by genomic DNA se-
quencing with the same gene-specific internal primers.
The SNP genotypes of each gene were identified by
alignment of sequences using BLAST software (bl2seq;
Tatusova and Madden, 1999) and analyzed with the
BioEdit biological sequence alignment editor (Hall,
1999).

Association Testing

Associations between SNP genotypes or haplotypes
and disease phenotypes were evaluated using the fol-
lowing linear models 1 and 2:

Model 1 (SNP genotypes): y =
w+F+H+ S+ Wg+ e

Model 2 (SNP haplotypes): y =
w+F+H+ S5+ Xb+ e

where y is the phenotype, p is the overall phenotypic
mean, F'is the family effect, H is the hatch effect, S is
the sex effect, W is an incidence matrix of genotype,
g and b are vectors of the regression coefficient, X is
an incidence matrix of haplotype, and e is the residual
error. The incidence matrix X indicated the haplotype
copy number (0, 1, or 2) in the individual. The size of
vector b was variable for the haplotype-based model
(size of b = [N — 1] x 1) where N is the major hap-
lotype (>1%). In the model of haplotype analysis, the
allele substitution effect was estimated. The effect of
the most frequent haplotype of phenotype was set to
zero and haplotype substitution effect (b) of the other

haplotype was estimated (Khatib et al., 2005). Family
effect (F) and hatch effect (H) are added as random
effects; and sex effect (5), genotype, and haplotype ef-
fect are included as fixed effects. The distribution of
BW and plasma carotenoid concentrations satisfied as-
sumption of normality. The number of fecal oocyst and
plasma concentrations of IFN-~ and NO,™ + NO3~ were
used after log-transformations. Statistical analysis was
performed using the lme4 package in the R Project for
Statistical Computing (www.r-project.org).

Linkage Disequilibrium Measurement

Linkage disequilibrium (LD) between all pairs of
SNP was analyzed using the genetics package of the
R Project. Pairwise D' (Lewontin, 1964) and squared
correlation coefficient * (Hill and Robertson, 1968) be-
tween SNP were determined to measure the strength
of LD.

RESULTS

SNP Genotyping and LD

Sequence analysis of PCR~amplified genomic DNA
from a reference population of 314 chickens (24 F,
and 290 F, generation) was used to identify SNP in
the zyzin, CD/, and TNFRSF1A genes. No SNP were
found in the TNFRSF1A gene, whereas 10 SNP were
identified in zyxin and 4 in CD/ (Table 2). The 608-bp
PCR product of the zyzin gene (GenBank accession No.
NM_001004386) contained of 5 nonsynonymous (i.e.,
resulting in an amino acid change) SNP (nucleotides
62, 82, 149, 172, and 187) and 3 synonymous (not re-
sulting in an amino acid change) SNP (nucleotides 159,
191, and 378), all within exons, and 2 intronic SNP
(Introns 1 and 2). The 410-bp PCR product of the CD/
gene (GenBank accession No. AJ401223) included 4
nonsynonymous SNP (nucleotides 11591, 11697, 11719,
and 11790) all within the largest exon. The minor allele
frequencies of 3 SNP in the zyzin gene (nucleotides 62,
82, and 191) were less than 0.1 (Table 2).

Across all SNP in both genes, the range of LD (D)
varied between 0.63 and 1.00 within zyzin gene (Table
3, upper right section). The strength of LD within the
CD4 gene (D' > 0.99, r* = 0.17 ~1.00) was greater
compared with the corresponding LD values between
the 2 genes (D' = 0.23 ~1.00, r* < 0.10). Squares of cor-
relation coefficients (r*) among all SNP varied between
0.01 and 0.75.

Association of zyxin and CD4 SNP
with Parameters of Resistance
to Coccidiosis

Body weights, fecal oocyst shedding, and plasma lev-
els of carotenoid, nitrite plus nitrate (NO,~ + NO;"),
and IFN-~ were measured at d 0, 3, 6, or 9 PI (or a
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Table 3. Linkage disequilibrium in zyzin and CD4 SNP!
Zyxin CDy

Item 62 82 149 159 172 187 191 378 Intl Int2 11591 11697 11719 11790
Zyzin

62 0.96 0.63 1.00 0.99 0.99 0.93 1.00 1.00 1.00 0.23 0.25 0.25 0.23
82 0.00 0.98 1.00 1.00 0.98 0.93 1.00 0.99 0.99 0.99 1.00 1.00 0.99
149 0.01 0.00 1.00 1.00 1.00 0.99 1.00 1.00 1.00 1.00 0.40 0.40 1.00
159 0.16 0.04 0.11 1.00 1.00 1.00 1.00 1.00 1.00 0.46 0.15 0.15 0.46
172 0.01 0.22 0.02 0.18 0.99 0.99 1.00 1.00 1.00 0.20 1.00 1.00 0.20
187 0.01 0.00 0.75 0.08 0.01 0.99 1.00 1.00 1.00 1.00 0.47 0.47 1.00
191 0.08 0.00 0.01 0.08 0.00 0.01 0.99 1.00 1.00 1.00 1.00 1.00 1.00
378 0.02 0.10 0.04 0.41 0.44 0.03 0.01 1.00 1.00 0.27 1.00 1.00 0.27
Intl 0.05 0.01 0.10 0.32 0.06 0.08 0.03 0.13 1.00 0.29 0.29 0.29 0.29
Int2 0.05 0.01 0.11 0.33 0.06 0.08 0.03 0.14 0.05 0.34 0.31 0.31 0.34
cDj
11591 0.01 0.01 0.10 0.07 0.00 0.08 0.09 0.03 0.00 0.10 1.00 1.00 1.00
11697 0.02 0.07 0.10 0.00 0.03 0.10 0.01 0.07 0.00 0.02 0.17 1.00 1.00
11719 0.02 0.07 0.10 0.00 0.03 0.10 0.01 0.07 0.00 0.02 0.17 1.00 1.00
11790 0.01 0.01 0.10 0.07 0.00 0.08 0.09 0.03 0.00 0.10 1.00 0.17 0.17

'Dr values are listed in the upper right section, and 7° values are listed in the lower left section. Intl = intron 1; Int2 = intron 2.

combination of these) as parameters of resistance to ex-
perimental E. mazima coccidiosis. A total of 224 com-
parisons were made [(16 traits x 10 zyzin SNP) + (16
traits x 4 CD4 SNP)]. Table 4 lists the 16 individual
disease traits that were measured and the individual
zyzin and CD4 SNP that was most highly associated
with each trait. Of these single marker associations, 5
zyzin SNP were observed to be statistically significant
(P < 0.05): (1) allele T of SNP 149 with increased caro-
tenoid at d 3 PI (P = 0.008), (2) allele T of SNP 187
with increased carotenoid at d 6 PI (P = 0.011), (3)
allele G of SNP 187 with increased carotenoid at d 9 PI
(P =0.007), (4) allele A of SNP 159 with a greater in-
crease in carotenoid between d 3 and 9 PI (P = 0.007),

and (5) SNP 191 with increased NO,™ + NO;™ at d 3
PI (P = 0.006). In addition, the CD4 SNP 11697 was
significantly associated with a greater increase in caro-
tenoid between d 3 and 9 PI (P = 0.049).

The allele substitution effects of the zyxin and CD/
SNP on the levels of plasma carotenoid at d 3, 6, 9, and
3 to 9 PI as well as the levels of NO,” + NO3 at d 3
PI are shown in Table 5. Several statistically signifi-
cant effects of substitution from allele 1 to allele 2 were
noted in the zyxin gene, such as at SNP 149, 172, and
187 with carotenoid levels on d 3, 6, and 9 PI, and SNP
191 with NO,  + NO;™ levels at d 3 PI. In the case of
the CD/ gene, SNP 11697 and 11719 were significantly
associated with plasma carotenoid at d 3-9 PL.

Table 4. Associations between zyzin and CD/ SNP and disease-resistant traits

2Yxin CDj
Trait' SNP P-value? SNP P-value?
bw0 62 0.353 11591 0.654
bw3 62 0.572 11591 0.597
bw6 Intronl 0.586 11697 0.506
bw9 172 0.590 11591 0.494
bw6-9 191 0.081 11719 0.266
crnt3 149 0.008 11697 0.328
crnt6 187 0.011 11719 0.156
crnt9 187 0.007 11697 0.143
crnt3-9 159 0.007 11697 0.049
oocyst9 187 0.087 11591 0.541
NO3 191 0.006 11697 0.639
NO6 82 0.110 11591 0.202
NO9 187 0.436 11697 0.209
IFN3 191 0.078 11719 0.416
IFNG6 62 0.224 11719 0.232
IFN9 191 0.084 11719 0.171

w0, bw3, bw6, and bw9 = BW on d 0, 3, 6, and 9 postinfection (PI); bw6-9 = BW gain between d 6 and 9
PI; crnt3, cnrt6, and cnrt9 = plasma carotenoid concentrations on 3, 6, and 9 PI; crnt3-9 = increase in plasma
carotenoid between d 3 and 9 PI; oocyst9 = the number of fecal oocysts at d 9 PI; NO3, NO6, and NO9 = plasma
NO, + NOj; concentrations on d 3, 6, and 9 PI; IFN3, IFN6, and IFN9 = plasma IFN-~ concentrations on d 3,

6, and 9 d PI; oocyst = the number of shedding oocysts.

The most significant association marker-trait associations.
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Table 5. Single marker substitution effects with selected disease resistance traits'

Gene SNP crnt3 crnt6 crnt9 crnt3-9 NO3
Zyxin
62 0.151 0.035 0.032 0.185 0.112
82 0.174 0.095 0.103 0.050 0.004
149 -0.2347 -0.200° —0.147 0.030 0.025
159 0.001 —0.097 0.001 0.136? 0.006
172 —0.046 -0.189° —0.001 0.150° 0.026
187 0.180 0.270° 0.253° —0.085 —0.040
191 0.007 0.045 —0.016 —0.006 -0.119?
378 —0.044 -0.202° —0.004 0.159° 0.023
Intron 1 0.0860 —0.004 0.054 0.081° —0.010
Intron 2 0.0860 —0.003 0.052 0.080° —0.010
CD
11591 0.009 0.043 —0.019 —0.011 —0.009
11697 0.076 —0.097 0.108 0.133° —0.020
11719 0.042 —0.124 0.059 0.132° 0.011
11790 0.009 0.043 —0.019 —0.011 —0.009

lernt3, cnrt6, and cnrt9 = plasma carotenoid concentrations on 3, 6, and 9 postinfection (PI); crnt3-9 = increase
in plasma carotenoid between d 3 and 9 PI; NO3 = plasma NO, + NO; concentration on d 3.

"Denotes P < 0.01.
*Denotes P < 0.05.

Haplotype Classification Analysis of zyxin
and CD4

A total of 10 zyxzin SNP haplotypes were found in the
12 families, of which the 7 most frequent (arbitrarily
designated A, B, C, D, E, F, and G) accounted for
97.5% of the total observed (Table 6). Haplotypes A-F
were discriminated from the most common haplotype
G by multiple base changes, recombination, or both
(Table 6). A total of 5 CD4 SNP haplotypes were ob-
served, of which the 3 most frequent (arbitrarily desig-
nated I, IT, TIT) accounted for 98.7% of the total.

Association of zyxin and CD4 SNP
Haplotypes with Parameters of Resistance
to Coccidiosis

The haplotype association test was used to determine
the relationship between the 16 parameters of cocci-
diosis resistance determined above and the haplotypes
of the zyxin and CDj gene SNP. Haplotypes of both

genes were included in the analysis if their frequency
was greater than 0.01. As shown in Table 7, the zyzin
was associated with the 3 most common parameters of
coccidiosis disease resistance, carotenoid level at d 9
PI (crnt9), NO, 4+ NO;™ at d 3 PI (NO3), and serum
IFN-~ at d 6 PI (IFN6). In contrast, the CD/ was not
significantly associated with any of the disease resis-
tance traits.

The allele substitution effect of zyxin haplotype G
versus A-F and of CD/ haplotype III versus I and II
was determined for these 3 traits. Compared with the
most frequent haplotype G, haplotypes C and D were
significantly associated with carotenoid levels at d 9
PI, whereas haplotype D was associated with increased
NO, + NOj levels at d 3 PI (Table 8). Haplotype D
was significantly associated with carotenoid and NO,~
+ NOj™ in the same direction. Finally, the substitution
effect of haplotype B was significantly associated with
IFN-~ levels at d 6 PI. Associations between all of the
traits evaluated and CD/4 gene haplotypes were not de-
tected.

Table 6. Haplotype of the zyzin and CD/ gene SNP

Zyzin CDj

62-82-149-159—-172-187— 11591-11697—
Haplotype 191-378-11-12 Frequency Haplotype 11719-11790° Frequency
A A-C-T-G-C-C-G-C-G-T 0.079 I C-C-A-A 0.377
B C-C-A-A-C-T-G-C-G-T 0.145 11 T-T-G-T 0.181
C C-C-T-G-C-C-A-C-G-T 0.074 II1 T-C-A-T 0.429
D C-C-T-G-C-C-G-C-G-T 0.039
E C-C-T-G-T-C-G-A-G-T 0.179
F C-T-T-G-C-C-G-C-G-T 0.036
G C-C-T-A-C-C-G-C-A-A 0.423
All other All other
haplotypes 0.025 haplotypes 0.013

'Alleles of the 10 zyzin SNP; I1 = Intron 1 SNP; 12 = Intron 2 SNP.

*Alleles of the 4 CDJ SNP.



516 HONG ET AL.

Table 7. Associations of zyzin and CD4 gene haplotypes with
disease resistance traits

P-value
Trait’ zyxin CDJ
bw0 0.94 0.82
bw3 0.98 0.71
bw6 0.96 0.56
bw9 0.94 0.53
bw6-9 0.58 0.72
crnt3 0.12 0.83
crnt6 0.34 0.36
crnt9 0.10 0.62
crnt3-9 0.30 0.41
oocyst 0.34 0.60
NO3 0.02 0.80
NOG6 0.65 0.50
NO9 0.96 0.53
IFN3 0.36 0.61
IFN6 0.04 0.46
IFN9 0.46 0.50

w0, bw3, bw6, and bw9 = BW on d 0, 3, 6, and 9 postinfection
(PI); bw6-9 = BW gain between d 6 and 9 PI; crnt3, curt6, and cnrt9 =
plasma carotenoid concentrations on 3, 6, and 9 PI; crnt3-9 = increase
in plasma carotenoid between d 3 and 9 PI; oocyst = the number of
shedding oocysts; NO3, NO6, and NO9 = plasma NO, + NO; con-
centrations on d 3, 6, and 9 PI; IFN3, IFNG6, and IFN9 = plasma IFN-~
concentrations on d 3, 6, and 9 d PL.

DISCUSSION

The foundation for this study originated from our
prior reports that identified QTL that were linked to
the LEIO071 and LEIO101 genetic markers, located at
79.46 and 84.53 Mb, respectively, on chromosome 1,
and that were associated with resistance to experi-
mental avian coccidiosis (Zhu et al., 2003; Kim et al.,
2006). Although these 2 markers supplied important
information on the genetics of resistance to Eimeria
infection, the region in which they are located is suf-
ficiently large (>5.0 Mb) and may contain hundreds, if
not thousands, of candidate genes that are responsible
for the observed phenotype. As an initial approach to
identify genetic elements that may influence the host
response to coccidia infection, we selected 3 genes for
further analysis, zyxin located at 80.67 Mb, CD/ at
80.36 Mb, and TNFRSF1A at 82.68 Mb. Our results
showed that a statistically significant association of re-

sistance to avian coccidiosis occurred with SNP in the
2yxin gene.

We selected the candidate genes based upon their
proximity to the previously identified QTL, their known
roles in protective immunity, and our previous microar-
ray studies that identified genes whose expression was
upregulated following Fimeria infection. For example,
the zyxin gene transcript was increased >2.0-fold at 5
to 6 d PI with coccidia parasites compared with un-
infected animals using an avian intestinal intraepithe-
lial lymphocyte ¢cDNA microarray (Kim et al., 2008).
Zyxin encodes a protein that functions as a component
of focal adhesion complexes, regulates actin filament
assembly, and promotes attachment of epithelial cells
to the extracellular matrix (Zaidel-Bar et al., 2003).
Thus, it is tempting to speculate that one of the host
responses to Eimeria infection involves upregulation of
the expression of genes such as zyxin that mediate focal
adhesion, thereby promoting intestinal epithelial bar-
rier formation against parasite invasion.

The 2 other genes chosen for this study, CD4 and
TNFRSF1A, are well-characterized components in host
immunity to infectious microorganisms. The CD/ gene
product is a T cell surface glycoprotein that serves in
conjunction with the T cell receptor as a co-receptor
of the T cell receptor complex and that binds in an
antigen-independent manner to major histocompat-
ibility complex class IT molecules on antigen present-
ing cells (Miceli and Parnes, 1993). Thus, CD/4 is in-
timately involved in initiation of immune responses.
However, of the 4 CD/ gene SNP and their associated
3 major haplotypes identified in the 12 chicken fami-
lies, none were significantly associated with coccidiosis
resistance traits. It is important to point out that the
CD4 SNP markers are located within a relatively small
genomic region (>200 bp), which may limit the abil-
ity to identify association with disease resistance traits.
Considering the importance of C'D/ in the adaptive im-
mune response and the close proximity of the CD4 gene
to the QTL previously identified, further studies are
needed to determine if other CD/ genetic markers may
be associated with resistance to avian coccidiosis. The
TNFRSF1A (formerly termed TNFR1) is the gene en-
coding the 55 kDa TNF-a receptor. Through binding

Table 8. Zyxin haplotype substitution effect on selected traits

Trait!
crnt9 NO3 IFNG6
Haplotype Effect (SD) P-value Effect (SD) P-value Effect (SD) P-value
A 0.09 (0.31) 0.121 0.15 (0.21) 0.488 ~0.03 (0.21) 0.488
B 0.56 (0.27) 0.821 —0.01 (0.18) 0.929 0.55 (0.43) 0.002
C 0.01 (0.31) 0.011 ~0.24 (0.21) 0.808 0.01 (0.45) 0.983
D —0.19 (0.39) 0.033 —0.32 (0.26) 0.001 —0.19 (0.53) 0.492
E ~0.23 (0.27) 0.692 0.03 (0.18) 0.834 ~0.24 (0.39) 0.121
F —0.02 (0.38) 0.286 —0.15 (0.25) 0.980 —0.02 (0.57) 0.949

lernt9 = plasma carotenoid concentration on 9 d postinfection; NO3 = plasma NO, 4+ NO, ™ concentration on

d 3; IFN6 = plasma IFN-~ concentration on d 6.
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to TNFRSF1A, TNF-« functions as a key mediator in
the inflammatory response with pleiotropic activities,
including increased expression of adhesion molecules,
induction of cytokine secretion, activation of leuko-
cytes, and host defense against intracellular pathogens
(Rezaei, 2006). Although our experiments were unable
to detect SNP in the chicken TNFRSF1A gene, they do
not preclude the potential role that this gene and its
encoded protein may play during the host inflamma-
tory response to coccidiosis.

Historically, increased BW gain and decreased oocyst
fecal shedding generally have been considered as the
most meaningful parameters that are associated with
increased resistance to experimental Eimeria infection,
for example, following vaccination with attenuated par-
asites compared with nonvaccinated controls. In addi-
tion, other phenotypic markers also have been shown
to positively correlate with disease resistance. Particu-
larly, plasma carotenoid concentrations were previously
shown to be a more sensitive measurement of avian
coccidiosis than BW gain (Conway et al., 1990, 1993).
In support of this observation, in this study, 10 zyzin
gene single markers that were significantly associated
with plasma carotenoid concentrations were detected
in the present study. Whether zyzin has a direct or
indirect effect on plasma carotenoid concentration is
currently unclear. Interestingly, zyxin gene expression is
upregulated in the nucleus by thymosin 34 and, similar
to carotenoid, is implicated along with thymosin 34 in
cell migration, angiogenesis, wound healing, and tumor
metastasis (Moon et al., 2006).

Although the increase in carotenoid between d 3 to 9
PI was significantly correlated with oocyst shedding (r”
= 0.61), only weak evidence of association between the
presence of the zyxin markers and oocyst shedding was
detected. Our previous studies examining segregation
of the LEIO071 and LEI0101 QTL in relation to oocyst
shedding was performed using 4 chicken families (Zhu
et al., 2003; Kim et al., 2006). These families were in-
cluded in the current analysis. Although haplotype as-
sociation testing detected an association between zyzin
gene haplotypes and oocyst shedding (P = 0.001) in
these 4 families, 2 SNP associations (SNP intron 1 and
intron 2) with oocyst shedding were supported at the
level of P < 0.1. Furthermore, when the analysis was
expanded to the 12 families in the current study, the
association between zyzin haplotypes and oocyst shed-
ding was lost.

The SNP used in this report were selected based
on LD and allele frequency. Single marker association
analysis was used considering low LD estimated by the
square of correlation coefficient (r?) between markers.
In addition to single marker associations, haplotype as-
sociation testing was also applied based on the number
of major haplotype in the genes and LD measured by
D'. Both types of analyses for the zyzin gene detected
significant associations with NO,~ + NO;3™ levels at d 3
PI. Haplotype-based testing also detected a significant
association between the less frequent zyzin B haplotype

and increased IFN-~ at d 6 PI, which was not identi-
fied by single marker association analysis. Thus, these
2 types of association analyses provided complementary
tools for identification of potential marker-trait corre-
lations. It has been noted that if a causal connection
between genetic markers and a given phenotype is truly
driven by a single SNP, then the haplotype-based ap-
proach may perform worse than the one-SNP-at-a-time
approach (Clark, 2004).

In conclusion, single marker association analysis for
16 traits of coccidiosis resistance showed that 5 zyzin
SNP and 1 CD/ SNP were significantly associated with
some of the traits. Additional markers of resistance
were noted by haplotype association analysis. Future
studies will be needed to identify additional markers in
other chicken families that may be associated with coc-
cidiosis resistance phenotypes in other broiler chicken
families and to develop markers for other candidate
genes relevant to protective immunity. Ultimately, ge-
netic breeding programs to select for these and other
markers may provide chicken lines with enhanced resis-
tance to avian coccidiosis.
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